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New York is a great melting pot of
different races and cultures. Just
walk along Broadway between
Canal Street and Washington
Square and you can hear a dozen
different languages or accents.
This high degree of local diversity
is due to a daily emigration and
immigration of people with origins
from all around the world.
Although the degree of diversity is
fairly constant, the representation
of different groups changes.
Somehow within this small area of
high diversity, many groups
manage to maintain their
distinctiveness, occasionally
founding enclaves like a Little
Manila or a Chinatown. Fusions
may be born from this mixture,
sometimes with important
consequences for the evolution of
genetic combinations. Three new
studies by Barrière and Félix
(published recently in Current
Biology) [1], Sivasundar and Hey
(in this issue of Current Biology)
[2], and Haber et al. [3], suggest
that Caenorhabditis elegans has a
surprisingly similar demographic
dynamic.
A tiny, non-parasitic nematode
worm, C. elegans has become a
giant in model-systems research
on fundamental mechanisms of
animal development and
genetics, neurobiology and
behavior, and genome
architecture and function.
However, in contrast to other
model systems like Drosophila,
mouse and Arabidopsis, little is
known about C. elegans ecology
and natural history. Because its
genome has evolved in an
ecological context, our
understanding of the function of
many genes and organ systems
should be greatly enhanced by
knowledge about the natural
environment of C. elegans, its life
cycle, and its interactions with
other organisms [4]. The three
new studies make an important
contribution to our knowledge
about demographics, genetic
diversity, and reproduction in
natural populations of the worm.
Previous work on the genetic
diversity of C. elegans used
isogenic strains derived from
natural isolates obtained by
different groups at different times
from locations around the world.
Genetic diversity among these
strains has been assessed by
polymorphisms in transposons,
minisatellite and microsatellite
simple repeat sequences, and
DNA sequences of various genes
(reviewed in [5]). In all cases, the
degree of global polymorphism
was found to be surprisingly low.
Calculated from microsatellite
data, the worldwide “effective
population size”, Ne— a
population statistic that is
proportional to genetic diversity—
ranges from 200 to 44,000,
depending on the locus. Ne is
generally lower than the actual
number of breeding individuals;
nevertheless, this number is
surprisingly low for a nearly
cosmopolitan species [6],
especially considering that these
worms reached densities of at
least ten individuals per gram of
compost in the Barrière and Félix
study [1]. This global genetic
diversity for C. elegans is
considerably lower than that in a
related species, Caenorhabditis
remanei [7]; approximately 20-fold
lower than in Drosophila
melanogaster; and on the same
order as human diversity [5].
As I read the results, if the
extrapolated magnetic terrain no
longer makes any sense to the
displaced birds; moving back
along the latitude of displacement
until the navigational program
yields plausible answers is the
way to solve the problem. I do
wish that at the end of the cruise,
the potentially spiteful sparrows
had been released with tracking
devices, presumably confirming
that outside of cages they do
indeed want to fly back to the
Alaskan border; it is always
possible that they were jolted into
the sunset-directed orientation
after their pole-passage trauma,
and might actually have flown
southeast if free to do so.
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Evolution: An Ecological Context
for C. elegans
Despite low global diversity among natural populations of
Caenorhabditis elegans, neighboring populations can be as genetically
distinct as strains from different continents, probably owing to
transient bottlenecks and ongoing dispersal as a dauer larva. Selfing
predominates in the wild, but rare outcrossing may also play an
important role.
Homo sapiens has such a low
global genetic diversity because it
went through a bottleneck,
followed by population
expansions into different
geographic regions [8].The global
genetic diversity in C. elegans
displays some geographic
segregation, but there is no
detectable correlation between
genetic distances and geographic
distances, such as that expected
had there been recent expansion
from a single center of origin or
bottleneck [6] (but see [3]).
Instead, the overall low diversity
of C. elegans is more consistent
with ongoing patterns of
worldwide migration (with high
rates of local extinctions) [6]. This
worldwide dispersal requires an
average of one migration every 2.5
generations [3,6]—not much
compared to peripatetic New
Yorkers, but impressive for
microscopic worms.
In the new studies, natural
populations were sampled at very
local levels. Haber et al. [3]
sampled from compost piles at
three locations in northwestern
Germany to start 23 lines.
Sivasundar and Hey [2] sampled
soil from 10 locations in parks and
gardens around Los Angeles,
California. To facilitate C. elegans
collection in the presence of other
nematode species, Sivasundar
and Hey [2] devised an ingenious
RNAi method of species-specific
preselection for C. elegans:
‘twitching’ worms with disrupted
function of a muscle gene were
picked to establish 69 lines. In
both studies, approximately 2–5
generations elapsed between
collection and establishment of
lines, so it is possible that the
original genotype frequencies
changed somewhat during this
time. Using different types of
microsatellite data, both groups
found a surprisingly large degree
of ‘population structure’ at the
local level (measured by FST,
which compares the average
predicted heterozygosity within
populations to the overall
predicted heterozygosity). That is,
C. elegans genotypes are nearly
as diverse at this local scale as
globally. Again, Sivasundar and
Hey [2] found no correlation
between genetic and geographic
distances, and the data in both
cases were most consistent with
ongoing migration. Similar results
have been obtained with DNA
sequence polymorphisms at
several different loci for worms
collected in Scotland (A. Cutter
and D. Charlesworth, personal
communication).
Barrière and Félix [1] sampled
from a variety of locations in
France. They did not find C.
elegans in most places, but only in
areas associated with human
activity, such as farmland or
garden soil and compost heaps.
They also found C. elegans in
association with snails, isopods,
and a Glomeris millipede. For
genetic analysis using AFLPs
(Amplified Fragment Length
Polymorphisms), they picked 55
individuals directly out of 6
samples (representing 4 locations)
within a few hours of sampling,
thus ensuring a faithful
representation of diversity in the
original population. Like the
German, Californian, and Scottish
worms, the French worms showed
a high degree of population
structure, even for samples just a
few meters apart. This
maintenance of diversity at the
local level was clearly due to
dispersal of alleles, not new
mutations. All the individuals
sampled from the millipede had
identical genotypes, probably
inherited from the same selfing
ancestor. Thus, the local diversity
remains high as the geographic
scale decreases to a distance of a
few cubic centimeters, at which
point diversity may suddenly drop.
In addition to selecting
individuals for genetic analysis,
Barrière and Félix [1] determined
the developmental stage and sex
of 1,050 individuals picked
directly from additional samples.
Remarkably, they found that all
but 61 were dauer larvae, a non-
feeding, alternative third juvenile
stage which can be induced in the
lab under different environmental
conditions, such as food scarcity,
overcrowding, or high
temperature. ‘Dauers’ are the
dispersal forms for rhabditid
nematodes, are resistant to a
variety of conditions like
dessication, and can survive for
months without feeding [4]. All the
worms associated with isopods
were also dauers, their
association with these organisms
likely leading to dispersal. Most of
the non-dauer animals were found
in fresh compost. Thus, C.
elegans may spend most of its
time as a dauer, sometimes
hitching rides and searching (or
waiting) for fresh organic material.
Besides migration, the peculiar
mode of C. elegans reproduction
undoubtedly influences the
pattern of genetic diversity. C.
elegans has two sexes: males,
and a selfing hermaphrodite which
first produces a limited number of
sperm, then switches to egg
production. The timing of this
switch may be optimized by
selection for rapid population
growth rate, presumably to make
the best use of ephemeral food
sources [9]. The sperm are used
for self-fertilization. However,
outcrossing can occur when
hermaphrodites mate with the rare
males. Males are hemizygous for
the X chromosome (XO), and can
arise from X-nondisjunction at
meiosis, from mating an XO male
with an XX hermaphrodite
(producing up to 50% male
progeny), or possibly from the
loss of an X chromosome during
the development of XX cross-
progeny under particular
environmental conditions [10]. It is
possible that sex ratio in natural
populations is influenced both by
environment (for example, X-
nondisjunction increases with
temperature) and by genes, as
various genes affect specifically
X-nondisjunction, and different
strains have different sex ratios
and male fertilities [11]. Thus,
potential variation may exist for
selection to finely tune the sex
ratio of C. elegans.
The big question concerns the
role that outcrossing plays in the
population-genetic dynamics of C.
elegans in nature, and thus
whether males are important or
not. C. elegans males do not mate
very efficiently, they decrease
survivorship of hermaphrodites,
and are even more attracted to C.
remanei females than to C.
elegans hermaphrodites [12]. On
the other hand, mating efficiency
increases with hermaphrodite
density, and male sperm allow
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fertilization of many more oocytes
than the limited amount of
hermaphrodite sperm, thereby
increasing hermaphrodite
fecundity. There are several
competing hypotheses to explain
why males are maintained: Firstly,
males are proposed to be non-
adaptive vestiges of gonochoristic
(male-female) ancestors [12].
Secondly, loci involved in
producing males could act as
selfish genetic elements, though
they may be deleterious to
hermaphrodite fitness [13].
Thirdly, male outcrossing could be
adaptive under a variety of
possible conditions, such as
inbreeding depression caused by
selfing (though there is no
evidence for heterozygote
advantage in crosses between
divergent inbred strains [14]), a
high deleterious genomic
mutation rate (but this rate is not
high enough by itself to retain
outcrossing [15]), or specific
ecological conditions [13]. This
last explanation appears plausible
if unstable environments or
pathogens select for recombinant
variants, thereby carrying along
the male genes that promote
effective recombination.
The recent studies shed
valuable light on this issue by
estimating the frequency of
outcrossing in wild populations.
Although Haber et al. [3] failed to
detect any heterozygotes at the
10 microsatellites they tested,
there was an absence of
significant linkage disequilibrium
between some of the markers.
Also, in some of the strains in the
worldwide collection, there was
some incongruence between
nuclear and mitochondrial
markers, as well as a
recombination between nuclear
markers, suggesting rare
outcrossing events had occurred
in ancestral populations. Using
their AFLP data, Barrière and Félix
[1] discovered that reassortment
of alleles had occurred historically
between many pairs of loci. While
it is clear from these data that
effective recombination does
occur naturally, such events must
be rare, as there is still significant
linkage along large portions of
chromosomes [16]. Using two
microsatellite markers, Barrière
and Félix [1] found actual
heterozygotes among 308
individuals at frequencies unlikely
to be due to mutation alone,
suggesting that outcrossing
occurred at a rate of 1.3%. This
value is close to that predicted in
models that explain observed
patterns of nucleotide
polymorphisms by rare
recombination and ‘background
selection’ (where selection against
an allele also eliminates alleles at
linked loci) [17]. Barrière and Félix
[1] also found two males, but only
from the 750 individuals they
characterized from the ‘fresh’
compost sample, consistent with
selfing as the predominant mode
of reproduction.
Given these data, the much-
higher estimates of outcrossing by
Sivasundar and Hey [2] are
surprising. They found that 20% of
their 69 lines were heterozygous at
1–4 of the 15 microsatellite loci
scored. This high heterozygosity is
unlikely to be an artefact of mating
within the sampling bags, as no
males were found; likelihood
models of different outcrossing
rates also disfavor an artefact.
Sivasundar and Hey [2] concluded
that males can arise at high rates
under particular conditions in the
wild, or males have some
reproductive or survival
advantage. Interestingly, males do
have a significantly longer lifespan
than hermaphrodites in the lab,
particularly under starvation
conditions [18].
Overall, the results suggest that
C. elegans reproduces in the wild
primarily by selfing. Selfing allows
a single animal to establish a new
colony and maximize population
growth to utilize an ephemeral
resource, such as fresh material
dumped onto a compost heap.
We can predict that, if individuals
found different colonies, local
gene frequencies would be
subject to strong drift, resulting in
potentially large differences
between even neighboring
colonies. Such differences would
be enhanced by immigrants
(which could be brought in from
very different places by human
activity), as well as by local
extinctions or emigrations.
Though rare, outcrossing does
occur and may even occur in
bursts that are promoted by
certain conditions, as mentioned
above. C. elegans probably
spends most of its time as a dauer
larva waiting for fresh organic
matter, sometimes hopping rides
on organisms to new food
sources, or possibly just waiting
for their rides to die and rot,
providing a rich feast of bacteria.
If environments are constantly
changing, such that populations
with lower levels of selfing or
inbreeding are apt to contribute
more migrants or colony founders,
it is conceivable that males and
outcrossing could be maintained
by selection. Many male-specific
genes do appear to be under
purifying selection [19].
Additionally, phylogenetic analysis
suggests that hermaphroditism
has evolved frequently in rhabditid
nematodes [20]. However, these
lineages rarely survive in the long
run [20]. This evolutionary pattern
is consistent with the idea that the
recombinant variation carried by
outcrossing species may allow
them to resist complete extinction
better than primarily selfing
species.
As with all good science, these
studies raise additional questions.
What is the dynamic of genetic
variation over time at one
location? If local conditions drive
genetic diversification, one might
expect stability of genotypes over
time, at least for stable
environments, or a cyclical pattern
of maintained polymorphisms that
correspond with local ecology.
Alternatively, if gene flow
(migration) is the primary
determinant, high local turnover
and recolonization by immigrants
could lead to non-cyclical
diversification over time. Also,
why isn’t C. elegans actually a
New Yorker? C. remanei, but not
elegans, thrives in New York City
compost. Is it possible for an
outcrossing species to compete
more effectively for an ephemeral
resource than a selfing colonizer
like C. elegans? Such questions
may not have easy answers, but
the exploding work in evolutionary
biology using C. elegans reaffirms
that this little worm is a
surprisingly versatile model for
addressing fundamental
questions of life.
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Tyrosine recombinases are found
in bacteria and yeast, where they
catalyze a variety of important
DNA transactions including
integration and excision of
bacteriophage DNA into and out
of the host genome [1]. Structures
of reaction intermediates from the
Cre and Flp recombinase systems
[2,3] have shed considerable light
on the essential features of site-
specific recombination in this
family, but similar models for the
more complex λ integrase system
have until recently been elusive.
The laboratories of Tom
Ellenberger at Harvard Medical
School and Arthur Landy at Brown
have now taken this field to
another level with crystal
structures of reaction
intermediates containing full-
length λ integrase bound
simultaneously to core and
regulatory DNA elements [4].
To understand what is special
about the λ integrase system, it is
useful to start with Cre, which is
perhaps the simplest tyrosine
recombinase [5]. Cre has two
protein domains that work
together to bind to the loxP site,
bring two loxP sites together and
catalyze recombination. The
Cre–loxP recombination
assembly contains a tetramer of
Cre subunits bound to two loxP
sites (Figure 1). In contrast, λ
integrase has an additional
domain that binds to regulatory
DNA sequences located in ‘arms’
that flank the core sites where
strand exchange takes place
[6,7]. As shown in Figure 1, the
tetrameric assembly of four
integrase subunits and two
recombination sites is more
complex in the λ integrase
system, and it has been
somewhat of a puzzle to
conclude from biochemical data
how all of the domains and
binding sites are arranged. The
arm binding domains in λ
integrase play an absolutely
crucial role in recombination; the
catalytic and core binding
domains cannot carry out‘Cre-
like’ recombination without them.
Two new crystal structures in
the λ integrase system described
by Biswas et al. [4] contain a Cre-
like protein–DNA tetramer linked
to a novel tetramer of arm
binding domains that is in turn
bound to two arm DNA
sequences, as shown
schematically in Figure 1. The
first structure represents an
intermediate where strand
exchange has taken place
between duplex substrates to
form a four-way Holliday junction,
but ligation has been blocked.
The second complex was formed
from an immobile Holliday
junction substrate — that is, one
whose branch point is defined
and fixed by its sequence. The
organization of catalytic and core
binding domains on the four-way
junction DNA are similar in most
respects to that observed for the
Cre and Flp systems [3,8]. The
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Lambda Integrase: Armed for
Recombination
Bacteriophage λ moves its viral genome into and out of the bacterial
chromosome using site-specific recombination. Crystal structures of
reaction intermediates in this recombination pathway provide exciting
new snapshots of full length λ integrase interacting with both core and
regulatory DNA elements.
